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Abstract- CuZnSe2 (CZSe) is an important ternary 
semiconductor comprised of earth-abundant elements with 
a suitable bandgap for visible light absorption and 
structural/stoichiometric versatility that make it a promising 
candidate for photovoltaic applications. Here we report the 
controlled synthesis of this compound copper chalcogenide 
in nanocrystal form using a colloidal hot-injection approach. 
Furthermore, we demonstrate control over the crystal phase 
to occur either as wurtzite (WZ) or zinc blende (ZB) as a 
function of the presence and absence of phosphorous-based 
ligands. A major emission peak was observed at ~1.7 eV 
using low-temperature photoluminescence (PL), ranging 
from 30 K to 200 K. Additionally, we demonstrate the 
ability to extend this synthetic protocol to form a polytype 
structure comprised of a ZB core with a WZ shell. 
I. INTRODUCTION
  
Copper-based multicomponent colloidal nanocrystals (NCs) 
are an important category of colloidal NCs due to their high 
light absorption coefficients, band gap energy tunability, 
relatively low-toxicity and high earth-abundance.1 Amongst 
many common bottom-up synthesis protocols, colloidal hot 
injection syntheses have proven to be a versatile approach to 
generate a wide range of compound copper chalcogenide 
NCs comprised of multiple additional metal cations from  
main group (e.g. Sn) and transition metal sources (e.g. Fe). 
These cation substitutions in ternary and quaternary copper 
chalcogenide systems, along with the morphology 
modification possible due to the range of crystal phases 
allow for particle design by composition, size and structure. 
In addition, the occurrence and control of polytypism in 
these copper chalcogenides have allowed for even greater 
complexity in shape as a function of nucleating in one phase 
with a switch to growth in the alternate.2-5 The ability to 
control composition, as a function of the ratio of elements, 
allows for a facile band gap tuning that is not size dependent 
to the small Bohr radius of these materials (typically ~2.5 
nm). 1, 6-8
From a functional application perspective, ternary and 
quaternary copper-based chalcogenides with indirect 
bandgap structures, designed for non-radiative applications 
can be conceptually derived from II-VI (e.g. CdTe) binary 
chalcogenides with direct bandgaps by complete 
replacement of the divalent cations (e.g. Zn9-12, Fe13-15, Cd4, 
5) by monovalent cations (e.g. Cu) and other cations of 
various valence (III- Al16-18, Ga19-21, In22-29; IV-Sn3, 30-32, 
Ge33-35; V- Sb36-38, Bi39, 40). A number of groups have used 
this ability to tune composition in addition to nanoscale 
morphology to attain desired physical and chemical 
properties.1, 41, 42 In the well-studied I-III-VI systems, the 
composition can be tuned in a broad range, both 
stoichiometrically and non-stoichiometrically due to the 
ability to exploit defects or vacancies of the I and III 
species.43 We previously reported a complete study on the 
modulating effect of NC shape control and crystal phase for 
ternary Cu2SnSe3 (I2-IV-VI3), with the bandgap energy 
changing from 1.34 to 1.54 eV31. There are some interesting 
observations from related ternary composition in thin films 
where, for example, a variation of the Cu to Cd ratio makes 
a Cu1-xCdxS2  thin film change its conductivity type between 
p-type and n-type.44 A similar conclusion was reached for 
CuZnS sprayed films, where conductivity changes of 4 
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orders of magnitude, as a function of the Cu concentration 
were reported.45 In a further derivation of this structure with 
Zn addition to form the quaternary (I-II-IV-VI system 
(Cu2ZnSn(SxSe1−x)4), chemical composition ratio tuning and 
crystal structure control allowed tuning of the bandgap from 
1.4 eV to 0.9 eV.46 The emission behavior of Cu2ZnSnS4 
polycrystals at 10 K was further studied where two PL 
emission bands at 1.27 and 1.35 eV were induced by band-
to-impurity recombination due to the deep defect states.47 
While a broad range of compositions in ternary and 
quaternary chalcogenides have been formed, there are 
combinations that have remained elusive. In particular, 
CuZnSe2 has not been directly formed and is interesting as 
it only consists of earth-abundant elements and has 
significant potential in solar cells, catalysis and 
thermoelectrics. Zn inclusion to date has only been 
achievable in the quaternary form, with a ternary 
intermediate. For example CuZnInSe348 derived from 
Cu2InSe3 or Cu2ZnSnSe449-51 derived from Cu2SnSe3. 
Although there has been some success with cation exchange 
of Cu in binary Zn sulphide/selenide NCs52-54 to make 
ZnSe:Cu/ZnS:Cu NCs, it is attractive to tune the electronic 
and/or optical properties via direct Zn and Cu incorporation. 
Herein, we report a direct colloidal hot injection synthesis of 
CuZnSe2 NCs with a tight size distribution. Furthermore, we 
demonstrate crystal phase control using phosphorus-based 
ligands while the reaction temperature, precursors and 
solvent remain unvaried. The presence of phosphorus-based 
ligands completely favored ZB crystals whereas their 
absence favored WZ. Moreover, polytypic CZSe NCs were 
successfully synthesized with a zinc-blende core and 
wurtzite shell. The particles are characterized by HRTEM, 
electron diffraction, EDX, XRD, and Raman and 
temperature-dependent photoluminescence combined with 
atomic modelling
II. CHEMICALS AND EXPERIMENTAL PROCEDURE
Materials. copper(II) acetylacetonate (Cu(II)(acac)2; Sigma 
Aldrich, >99.99 %), copper(I) chloride (Cu(I)Cl; Sigma 
Aldrich, >99.99 %),  zinc acetate (Zn(Ac)2, Sigma Aldrich, 
>99.99 %), hexylphosphonic acid (HPA, Sigma Aldrich, 
>95 %), triotylphosphic oxide (TOPO, Sigma Aldrich, 
>99%), diphenyl diselenide (DPDSe, Sigma Aldrich, 98 %), 
oleylamine (OLAM, Sigma Aldrich, technical grade, 70 %) 
were purchased from Sigma Aldrich. All chemicals were 
used as purchased without further processing. 
Synthesis of WZ CZSe NCs (Hexagonal Plates). In a 
typical synthesis, Cu(II)(acac)2 (0.5 mmol), and OLAM (10 
ml) were added in a three-neck flask and evacuated at 60 °C 
for 20 min. The solution was then heated to 250 °C in 15 min 
under the protection of argon. Injection solution 1 consisted 
of DPDSe (0.625 mmol) and OLAM (2.5 ml), injection 
solution 2 consists of Zn(Ac)2 (0.25 mmol) and OLAM (1.5 
ml). Injection solution 1 was injected to the mother solution 
in a three-neck flask at 155°C via a syringe, injection 
solution 2 was injected 20 seconds after the first injection. 
After the mother solution temperature reached 250 °C, the 
reaction was allowed to proceed at this temperature for 
another 10 minutes with continuous stirring from a magnetic 
stirrer. The reaction was terminated by removing the heating 
mantle and quenched with 30 ml of toluene when the 
temperature was cooled to 90 °C naturally. 
Synthesis of ZB CZSe NCs (Spherical Particles). In a 
typical synthesis, Cu(II)(acac)2 (0.5 mmol), HPA (0.5 
mmol), TOPO (0.5 mmol) and OLAM (8 ml) were added in 
a three-neck flask and evacuated at 60 °C for 20 min. The 
solution was then heated to 250 °C in 15 min under the 
protection of argon. Injection solution 1 consisted of DPDSe 
(0.3125 mmol) and OLAM (2.5 ml).  Injection solution 2 
consisted of Zn(Ac)2 (0.25 mmol) and OLAM (1.5 ml). 
Injection solution 1 was injected into the mother solution in 
a three-neck flask at 155 °C via a syringe with solution 2 
injected 20 seconds later. After the mother solution 
temperature reached 250 °C, the reaction was allowed to 
proceed at this temperature for another 10 min with 
continuous stirring from a magnetic stirrer. The reaction was 
terminated by removing the heating mantle and quenched 
with 30 ml of toluene when the temperature was cooled to 
90 °C naturally. 
Synthesis protocol of Polytypic Structure. In a typical 
synthesis, Cu(I)Cl (0.25 mmol) and OLAM (10 ml) were 
added in a three-neck flask and evacuated at 60°C for 20 min. 
The solution was then heated to 310 °C in 15 min under the 
protection of argon. Injection solution 1 consisted of DPDSe 
(0.25 mmol) and OLAM (2.5 ml). Injection solution 2 
consisted of Zn(Ac)2 (0.25 mmol) and OLAM (1.5 ml). 
Injection solution 1 was injected into the mother solution in 
a three-neck flask at 310 °C via a syringe followed by 
solution 2 after 7 seconds. After the mother solution 
temperature reached 310 °C, the reaction was allowed to 
proceed at this temperature for another 10 min with 
continuous stirring from a magnetic stirrer. The reaction was 
terminated by removing the heating mantle and quenched 
with 30 ml of toluene when the temperature was cooled to 
90 °C naturally. 
III. RESULTS AND DISCUSSION
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Figure 1. (a) HRTEM image of a single hexagonal WZ 
CuZnSe2 plate NC from the [0002] direction; 
corresponding fast Fourier transform (FFT) (top inset); 
corresponding atomic modelling showing cations white 
and Se purple (bottom insertion)- (b) HRTEM image of 
a single hexagonal WZ CuZnSe2 plate nanocrystal with 
(c) Corresponding FFT, (d) Enlarged lattice fringes from 
selected area in b.  (e) Corresponding atomic modelling 
of d. (f) STEM image of a hexagonal WZ CuZnSe2 plate 
NC with corresponding STEM-EDS elemental maps 
related to Cu (red), Zn (yellow) and Se (cyan). (g) Low 
magnification TEM image of WZ CZSe NCs with 
corresponding size distribution histogram. 
The synthesis protocol for WZ CZSe NCs involved the use 
of Cu(II)(acac)2 and diphenyl diselenide in the initial 
nucleation stage with the Zn precursor (Zn(Ac)2) 
subsequently introduced via a separate injection. The 
segregation of the Cu precursor and Zn precursor induced 
homogeneous nucleation between Cu and Se without the 
partition of Zn. Figure 1a shows a HRTEM image of a 
typical WZ CZSe hexagonal nanoplate with a side length of 
12.52 nm. The top right inset of the FFT from the WZ [0002] 
direction is used to calculate d-spacings and reveal the 
crystal phase. The three equivalent (110) facets have a d-
spacing of ~0.21 nm and form ~60-degree angles with one 
another, which is in good agreement with the atomic 
modelling in the bottom left inset. HRTEM in Figure 1b 
allows further analysis of the WZ crystal structure from a 
WZ CZSe plate on its edge with a thickness of ~11 nm. The 
highlighted area in Figure 1b is presented as Figure 1d and 
demonstrates the ABABA… packing characteristic of the 
WZ crystal phase viewed along its c-axis ([0002] growth 
direction). The calculated d-spacing of the (002) facet from 
FFT is ~0.39 nm (Figure 1c). The measured d-spacing and 
indexed lattices are also in good agreement with atomic 
modelling in Figure 1e.  STEM-EDS mapping (Figure 1f) 
confirms the presence and homogeneous distribution of 
three elements within the nanostructure. Energy dispersive 
X-ray spectroscopy was used to determine the chemical 
composition and measurement of three randomly selected 
areas gave an average composition of Cu:Zn:Se = 
1.12:1.00:2.09 (Figure S3a-S3c and Table S1). The WZ 
CZSe NCs are slightly Cu-rich and Se-poor (Cu/Zn = 1.12; 
Se/(Cu+Zn) = 0.99), which is consistent with inductively 
coupled plasma (ICP) analysis (Table S2). The lower 
magnification TEM image displays the uniformity of WZ 
CZSe NCs with a relatively narrow size distribution as 
shown in the corresponding histogram (Figure 1g). More 
TEM images of WZ NCs can be found in Figure S1. 
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Figure 2. (a) HRTEM image of a single spherical ZB 
CuZnSe2 nanocrystal, with the corresponding fast 
Fourier transform (FFT) (top inset) and corresponding 
atomic modelling (bottom inset) with cations white and  
Se purple; (b) STEM image of spherical ZB CZSe NCs 
with corresponding STEM-EDS elemental map related 
to Cu (red), Zn (yellow) and Se (cyan). (c) Low 
magnification TEM image of ZB CZSe NCs with 
corresponding size distribution histogram.
The formation of ZB NCs was achieved by inclusion of 
trioctylphosphine oxide (TOPO) and hexyl phosphonic acid 
(HPA) into the synthesis protocol. Figure 2a is a HRTEM 
image of a ZB CZSe nanocrystal that is spherical in shape 
with a diameter of ~13 nm. The (002) d-spacing as 
calculated from FFT (top inset) is ~0.32 nm. The HRTEM 
image of the ZB NC is slightly off-angle to the most-
exposed ZB (111) facet which is confirmed by the slight 
difference between modelled and directly measured d-
spacings (~0.35 nm versus ~0.32 nm). The STEM-EDS 
elemental mapping (Figure 2b) confirms the presence and 
homogeneous distribution of Cu (red), Zn (yellow) and Se 
(cyan) within the NCs. The low magnification TEM image 
with the corresponding size distribution histogram presented 
in Figure 2c shows the uniformity of ZB CZSe NCs 
achieved using this synthetic approach. More TEM images 
are included in Figure S2. Again, energy dispersive X-ray 
spectroscopy was used to measure the chemical composition 
where an average composition of Cu:Zn:Se = 1.00:1.08:2.02 
(Figure S3d-S3f and Table S1) was observed following the 
measurement of three randomly selected areas. The ZB 
CZSe NCs are slightly Zn-rich and selenium-poor (Cu/Zn = 
0.93; Se/(Cu+Zn) = 0.97), in good agreement with ICP 
analysis (Table S2). 
Figure 3. XRD pattern of WZ CuZnSe2 NCs and ZB 
CuZnSe2NCs with simulated WZ and ZB XRD patterns. 
The structure of the as-synthesized NCs was characterized 
by X-ray diffraction (XRD), as shown in Figure 3. The main 
reflections for WZ are at 25.6°, 26.9 °, 29.0°, 37.7°, 44.8°, 
48.9°, 53.1°, 60.3°, 65.3°, 68.9° and can be respectively 
indexed to the (100), (002), (101), (102), (110), (103), (112), 
(202), (008) and (203) planes of the wurtzite structure. Five 
reflections at 27.2°, 31.6°, 45.1°, 53.4°, 65.6° can be indexed 
to (111), (200), (220), (311) and (400) planes of zinc blende 
structure, respectively. The lattice parameters were 
calculated from the experimental XRD pattern by fitting the 
main diffraction peaks corresponding to the cubic and 
wurtzite structures. The lattice parameters of WZ are a = b 
= 4.0192 Å and c = 6.7112 Å calculated from the fitting of 
(002) and (110) planes. The lattice parameter calculated for 
the cubic structure is a = 5.7910 Å, calculated from the 
fitting of the (111) plane. The completed peak lists and 
corresponding plane indexes can be found in Table S3 and 
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Table S4. These calculated lattice parameters along with the 
crystal structures were derived from ZnSe, by randomly 
substituting partial Zn ions with Cu ions.
Figure 4. Raman spectra of WZ CZSe NC sample and 
ZB CZSe NC sample excited under 532 nm green laser 
and 632.8 nm red laser respectively. 
Raman spectra of the NCs under two excitation lasers (532 
nm and 632.8 nm) are shown in Figure 4. Both the WZ and 
ZB spectra have a major peak at ~260 cm-1 and one less 
intense peak at ~193 cm-1. In previous research, for Cu3Se2 
and Cu2Se reference spectra55, 56, the major peak occurs at 
~260 cm-1, with a less intense peak at ~190 cm-1. ZnSe 
reference spectra57-59have been reported with two major 
peaks at ~200 cm-1 (the less intense longitudinal optical 
phonon mode, LO -1 ) and ~260 cm-1 (the transverse optical 
phonon mode (TO). Therefore, the most intense peak at 260 
cm-1 observed in our CZSe spectra can be attributed to the 
overlapping of Cu3Se2/Cu2Se and ZnSe peaks with the less 
intense peak at ~193 cm-1arising from the LO modes of 
Cu3Se2/Cu2Se and ZnSe. 
Figure 5. Temperature-dependence photoluminescence 
spectra of (a) WZ NC sample and (b) ZB NC sample; 
Low-temperature photoluminescence spectra (30 K) 
Gaussian fitting of (c) WZ NC sample and (d) ZB NC 
sample.
To further investigate the optical properties of the CZSe 
NCs, temperature-dependent photoluminescence (PL) tests 
were carried out at an excitation wavelength of 325 nm and 
laser power of ~5 mW (Figure 5). Both WZ and ZB CZSe 
NCs show low quantum efficiency at room temperature, 
suggesting that these CZSe NCs have indirect bandgap 
structures or crystal phase defects. No emission peaks were 
observed for the WZ CZSe NCs at 200 K, while for ZB 
CZSe NCs a weak signal peak was observed (Figure 5a-b). 
When the temperature was decreased to 70 K, the PL 
intensity of both materials was observed to increase 
significantly. At 30 K, the PL intensity increased a further 
threefold for both NCs. This broad peak was determined 
through Gaussian peak fitting (Figure 5c, 5d) to arise from 
separate peaks at ~1.39 eV, ~1.67 eV, and ~2.00 eV where 
their positions and relative intensities remained constant at 
varying temperature. These peaks are likely due to indirect 
band hybridization. When compared to relevant binary 
systems (CuSe at ~2.2 eV60, 61 ; ZnSe at  ~2.3 eV and ~3.2 
eV62-64), the incorporation of Cu in the ZnSe structure causes 
a downshift of emission energy. Furthermore, the different 
electronic configurations of the two cations complicates the 
hybridized CuZnSe2 band structure, likely giving rise to the 
low PL emission intensities at room temperature.   
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Figure 6. (a) TEM image of a CZSe polytypic NC. (b) 
TEM image of a CZSe polytypic NC from ZB[011] 
direction showing the polytypic interphase between the 
ZB and WZ phases (bottom inset is corresponding 
structural model) (c) Scaled-up structural model of b to 
show atomic positions (d) Corresponding atomic 
structural modelling of a. (e) Cut away atomic structural 
modelling of a CZSe polytypic NC. (f) TEM image of 
three CZSe polytypic NCs. (g) Low magnification TEM 
of CZSe polytypic NCs. (h) STEM image of a polytypic 
CZSe NC with corresponding STEM-EDS elemental 
maps related to Cu (red), Zn (yellow) and Se (cyan). (i) 
XRD pattern of CZSe polytypic NCs with ZB and WZ 
phases XRD reference patterns, along with the Rietveld 
Refinement peak fitting reflecting the ZB and WZ phase 
ratio. (j) Raman spectrum of CZSe polytypic sample 
under 632.8 nm (red) and 532 nm (green) respectively. 
(k) Low-temperature photoluminescence spectrum of 
CZSe polytypic sample (30 K) with Gaussian fitting.
A tetrahedral-shaped polytypic structure (~ 40 nm in 
diameter), with ZB core and four thin outer WZ triangular 
plates was formed in the absence of phosphorus-based 
ligands when the nucleation precursor was changed from 
Cu(acac)2 to Cu(I)Cl at a raised temperature of 310 °C 
(Figure 6a). The contrast difference within the structure 
highlights the tetrahedral core, where clear polytypic 
interfaces are observed in conjunction with a flat outer 
crystal. The ZB core here is a perfect tetrahedron as opposed 
to a quasi-sphere ZB core previously reported for tetrapod 
NCs3, 65-67. A further difference here is the preference for the 
WZ to form into short ~ 5 nm triangular platelets rather than 
relatively high aspect ratio rod elongation. As shown in 
Figure 6b, when viewed from the ZB[011] direction (shown 
in bottom right inset), the polytypic interphase separating 
ZB(1 1) and WZ(0002) facets can be clearly observed. The 1
d-spacing of the WZ(0002) lattice, indexed from the 
ABABA arrangement along WZ c-axis ， is ~0.36 nm 
whereas the d-spacing between the parallel ZB(1 1) facets 1
is ~0.36 nm. Figure 6c shows the corresponding atomic 
model of this polytypic structure with further interpretations 
outlined in Figure 6d and Figure 6e. The interphases of the 
polytypic structure were determined to be ZB(1 1) and 1
WZ(0002) arising from initial growth along the ZB[111] 
direction followed by growth in WZ[0002]. The TEM image 
in Figure 6f shows three polytypic NCs where the darker 
contrast reflects the cores. In Figure 6g, the low-
magnification TEM image confirms the relatively narrow 
size distribution (Figure S4) of CZSe polytypic NCs with 
details on the centrifuge separation process described in 
supporting information. STEM-EDS mapping (Figure 6h) 
confirms the presence of three elements within the 
nanostructure. The high distribution of Zn in the shell area 
and relatively low distribution in the core area suggests that 
the core is Zn-poor or potentially binary (Cu2Se) in 
composition. Energy dispersive X-ray spectroscopy of three 
randomly selected areas gave an average composition of 
Cu:Zn:Se = 2.74:1.00:2.40 (Figure S3g-S3i and Table S1) ), 
which is consistent with ICP results shown in Table S2. The 
crystallographic composition of the as-synthesized 
Polytypic structure NCs was confirmed by X-ray diffraction 
(XRD), as shown in Figure 6i and Table S5 with Rietveld 
refinement giving WZ and ZB phases at 20.6% and 79.4%, 
respectively. The Raman spectrum in Figure 6j shows that 
the polytypic sample has a main peak at (~258 cm-1) and one 
weak peak at (~192 cm-1), consistent with the single crystal 
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samples. One new shoulder peak emerges at ~231 cm-1 that 
be assigned to the weak peak of CuSe68 at ~230 cm-1  in 
agreement with the binary core conclusion. In low-
temperature PL analysis (30 K), as shown in Figure 6k, the 
polytypic structure’s main emission peak shifts to a 
considerably higher energy at ~2.5 eV compared to its pure 
phase structure (~1.6 eV). The main emission peak is at 
similar position with the reference peak of CuxSe (~2.2 
eV)60, 61, further suggesting the presence of CuxSey binary 
phase. 
Figure 7. (a) XPS survey of WZ NCs, (b) XPS survey of 
ZB NCs. (c) high-resolution XPS spectra of N1s in WZ 
and ZB NCs. (d) high-resolution XPS spectrum of P2p 
region of ZB NCs. 
 
X-ray photoelectron spectroscopy (XPS) was performed to 
investigate the surface chemistry of the CZSe NCs. The 
survey spectra of the as-synthesized NCs show the presence 
of Cu, Zn, Se, N, O, C (shown in Figure 7a, 7b). The 
phosphorous region overlaps with the Se LMM Auger 
peaks. However, the high-resolution spectrum of the P 2p 
region allows resolution of the peaks and elemental 
composition in Table S6. For WZ NCs, the XPS 
quantification shows a Cu/Zn ratio of 0.9, which is 
consistent with the chemical composition analysis with 
STEM-EDX and ICP. However, the XPS quantification of 
ZB NCs (Cu/Zn=0.2) suggests that ZB NCs have a 
significantly Zn rich and Cu poor surface. High resolution 
spectra of N 1s (Figure 7c) shows a peak at a binding energy 
~400 eV in both WZ and ZB NCs, which corresponds to the 
N-C bonding of the amine ligands.69 However, a significant 
difference is observed in the nitrogen content, with WZ NCs 
giving a (Zn+Cu)/N ratio of 5.2 and ZB NCs having a ratio 
of 10.4. This indicates a substantial reduction in the 
nitrogen-containing OLAM ligands on the ZB NCs surface. 
High resolution spectra in the P 2p region of the ZB NCs 
(Figure 7d) shows a phosphate peak at binding energy ~133 
eV which can be attributed to the attachment of the 
HPA/TOPO ligands.  It is likely on the ZB NCs surface that 
the nitrogen-containing OLAM ligand shortage is 
compensated by the attachment of the phosphorous-
containing HPA+TOPO used in the synthesis. The relative 
concentrations of P and N are 4.6% (atomic) and 1.7% 
(atomic) respectively, suggesting more phosphorous-based 
ligands are attached to the surface of ZB NCs than OLAM. 
Our previous research has shown that precursor 
choice based on their decomposition kinetics at selective 
temperatures is crucial to control of crystal phase formation 
in the multicomponent copper chalcogenide system23,24. 
Here, in the formation of CZSe, the occurrence of either 
crystal phase is controlled solely by the addition of 
phosphorus-based ligands. There is typically a very small 
energy difference between the growth in WZ and ZB phases 
(≤20 meV/atom) and a small perturbation can induce a 
nucleation preference for one or the other69, 70.  While this 
perturbation is most often observed as a thermodynamic 
effect,2, 4 other factors such as precursor selection71 and their 
influence on monomer concentration (supersaturation)72 are 
relevant. To explain the effect on the presence and absence 
of the phosphonic acids on the crystal phase control in this 
study, it is worth considering how they influence both 
nucleation and growth. A number of studies have shown that 
the selective adhesion between phosphorous-based 
surfactants and facets is critical in forming the nucleation 
clusters that direct the intrinsic ZB phase growth.73-75 
Furthermore, the combination of phosphorous-based 
surfactants and low reaction temperature produces 
monomers gradually by slow thermal decomposition of 
organometallic precursors. This low monomer 
concentration favours the isotropic growth of ZB phase.76-79 
In this research, the crystal phase preference is 
mainly affected by the different bonding types between 
ligands and NC facets. HPA and TOPO are X-type bonding 
ligand and L-type bonding ligands respectively.80-82 TOPO 
and HPA are often used in combination, where TOPO acts 
as a stabilizer by bonding to the extra-cations on the NCs as 
a Lewis base,77 whereas HPA exhibiting higher coordinating 
affinity, is used to attach to selective facets to control the 
growth rate.81  Compared to the WZ phase, the ZB phase has 
more charged facets with high-energy low-index and close 
atomic packing, such as (100) and (111)69, which are favored 
by strongly-bonded phosphorous-based ligands. This is 
consistent with our observation in XPS where the surface of 
the ZB NCs is predominately bonded to HPA and TOPO 
ligands. Furthermore, these facets are energetically 
homogenized with surfactants to minimize the systematic 
surface energy, which results in the formation of symmetric 
spheres33, 83 The 2D shape of the wurtzite particles is likely 
a result of the selective crystal growth on the six more 
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exposed peripheral neutral facets, (100) and (010), instead 
of elongating along the WZ c-axis as the charged ±(0002) 
facets are covered with OLAM. Interestingly, different from 
the previous single crystal synthesis strategy, the occurrence 
of polytypism in CZSe is thermodynamically dominated by 
a high injection temperature (310 °C). In addition, the use of 
the coordinating surfactant (OLAM) and diphenyl 
diselenide (DPDSe) as Se precursor likely also contributes 
to the formation of polytypes. DPDSe has a known tendency 
to grow in ZB phase at high temperature in the presence of 
metal chlorides,2, 71 favoring the nucleation between Cu(I)Cl 
and DPDSe at high temperature before the injection. At 
lower temperature after the injection, DPDSe favours WZ 
growth regardless of the cation species.2, 31
IV. CONCLUSION
In summary, we report the synthesis of CZSe NCs in WZ, 
ZB and polytypic ZB-WZ forms. XRD, Raman, TEM, EDX, 
ICP, XPS, atomic models and low-temperature 
photoluminescence were used to study their structural and 
optical properties. All three types of NCs have low PL 
quantum efficiency at room temperature with a significant 
increase in efficiency at lower temperatures. This to our 
knowledge is the first successful synthesis of CZSe NCs 
using a hot injection method where the simple control 
between the formation of WZ and ZB phases is dictated by 
the presence or absence of phosphorus-based ligands. The 
introduction of this direct formation method for CZSe NCs 
with crystal phase control opens a range of new possibilities 
in photovoltaic and electronic applications.
SUPPLEMENTARY MATERIAL
See supporting information for experimental details, 
TEM images, EDS details, XRD details, ICP details, 
XPS details. The supporting information is available 
free of charge via the internet at http://pubs.acs.org.
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